A major protein kinase independent of Ca2+, cyclic nucleotide or diacylglycerol, the activity of which becomes maximal when cells enter M phase, decreases at ana-telophase, and is low during interphase, has been purified to near homogeneity from starfish oocytes and its catalytic subunit identified as p34cdc2. M phase-promoting factor (MPF) was found to co-purify with the M phasespecific kinase throughout its purification. p34"fc2 does not have to be associated with any specific protein for expression of H I histone kinase or M PF activities. When p34" fc2 is phosphorylated its protein kinase activity is inhibited, preventing entry into M phase, but once p34iA2 becomes dephosphorylated, its protein kinase activity increases and M phase is initiated. A second peak of M PF activity was separated from p34cdc2 in the ammonium sulfate fraction treated with ATP-y-S.
Introduction
Recently, a molecular description of the mechanisms that control entry into mitosis has begun to emerge. Two different but now converging strategies were used. One employed classical genetic analysis in yeast and resulted in the isolation of mutants in genes that are required for cell reproduction but not for cell growth (cdc mutants). Only a very limited number of the cdc genes have been shown to be involved in regulating the coordination of the G 2 to M phase transition (see Hayles and Nurse, 1986, and Lee and Nurse, 1988 , for reviews). They form a regulatory gene network controlling entry into mitosis, in which cdc2 acts downstream of the other genes. T he central gene cdc2 encodes a 34K (K = 103M r) protein kinase (p34crfc2) potentially regulated by phosphorylation-dephosphorylation reactions (Sim anis and Nurse, 1986) . Homologs of the yeast p34rA2 have been found in many species, including humans (Lee and Nurse, 1987; Draetta et al. 1987) .
T he other strategy employed oocytes, which in the animal kingdom are naturally arrested at the late G 2-p rophase boundary of the first meiotic cell cycle. Under the influence of a variety of signals, fully grown oocytes are released from cell cycle arrest and enter M phase (see M asui and Clarke, 1979, for review). T he action of these signals is indirect: they first induce the production or the activation of an M phasepromoting factor (M P F), which in turn triggers the cytological and biochemical events observed at the onset of M phase. When microinjected into naturally arrested oocytes or artificially arrested embryos, M PF triggers the G 2 to M phase transition, even in the absence of protein synthesis (M asui and Markert, 1971; Kishimoto and Kanatani, 1976; Myake-Lye et al. 1983; Wasserman and M asui, 1976; Dorée, 1982) and across phyletic boundaries (Kishimoto et al. 1982) .
It is well established that the state of phosphorylation of numerous proteins cycles in phase with M PF activity, increasing when cells enter M phase and decreasing when cells exit from M phase (Dorée et al. 1983; Peaucellier et a l. 1984; Capony et al. 1986; Karsenti et a l. 1987; Lohka et al. 1987 ). T h is supports the view that M PF activity is correlated with a high level of protein phosphorylation. Indeed, when oocytes from starfish or amphibians are released from G 2 arrest by hormonal stimulation, a major protein kinase that does not require Ca2+, cyclic nucleotides or diacylglycerol greatly increases in activity. T he activity of this mitotic protein kinase then oscillates during meiosis and early embryogenesis in parallel with M PF. T h is kinase activity becomes maximal when cells enter M-phase, begins to decrease at anaphase, and is low during interphase (Picard et al. 1985 (Picard et al. , 1987 Capony et al. 1986; L abbé et a l. 1988a ). These results raised two questions: (1) is the M phase-specific protein kinase identical to M PF? (2) is the M phase-specific protein kinase identical to p34crfc2, the kinase which in yeast controls the G 2 to M phase transition? According to recent results from our own and others' laboratories, the answer to both these questions is affirmative, thereby providing for the first time insights into the molecular mechanisms that control the temporal coordination of the cell cycle, and opening the way to further investigations.
Identification of the M phase-specific protein kinase as p34ccte2and as MPF
T he M phase-specific protein kinase has been partially purified from Xenopus oocytes (Labbé et al. 1988a) and to near homogeneity from starfish oocytes (Labbé et al. 19886; see also Arion et a l. 1988) . In starfish, the most highly purified preparation contained a single major polypeptide of 34K , which cross-reacted with an antibody directed against the peptide E G V P S T A IR E IS L L K E (referred as to the P S T A IR peptide), which is perfectly conserved in protein kinases encoded by homologs of the fission yeast cell cycle control gene cdc2, and is not found in any other sequenced protein kinase (Hanks et a l. 1988) . Recently, a putative protein kinase of 34K (PHO 85) has been sequenced in yeast (Toh-e et al. 1988 ) and shown to contain a region only slightly modified with respect to the P S T A IR peptide. Partial microsequencing of the M phase-specific kinase purified from starfish oocytes showed, however, that it contains the unmodified P ST A IR sequence. In addition, its N H 2-proximal region is nearly identical to that of the human homologue of fission yeast p34Cifc2, but strongly differs from the N H 2-proximal region of PHO 85 (data not shown). Therefore, the M phase-specific protein kinase is encoded by a homologue of the cell cycle control gene cdc2.
M PF was found to co-purify with the M phase-specific kinase throughout its purification from starfish oocytes. At each step, however, a positive response of 41 microinjected Xenopus oocytes only occurred if the activity of the injected kinase exceeded 10 pmol /1P 1 using histone H I as the substrate, with a minimum volume of 50 nl (oocyte volume is about 1
In starfish oocytes, the threshold concentration of kinase activity for successful induction of germinal vesicle breakdown was about four times higher. T he most highly purified preparation induced the G 2 to M phase transition very rapidly, taking 5-10 min in starfish and 30-90 min in Xenopus. It was active when protein synthesis was inhibited and worked in all tested species, both vertebrate and invertebrate. It also induced nuclear envelope breakdown and chromosome condensation when added to sperm nuclei reconstituted in vitro in interphase cytoplasm from activated Xenopus eggs (Labbé et al. 1989, Lohka and Masui, 1983 ).
Microinjected p34cdc2does not have to be associated with any specific protein for expression of its H1 histone kinase or MPF activities
In starfish, several proteins pellet specifically with p34crfc2 from oocyte homogenates following immunoprécipitation with the anti-PSTA IR serum. These proteins, which do not contain the P ST A IR epitope include proteins which are phosphorylated or hyperphosphorylated when cells enter M phase and dephosphorylated when cells exit from M phase (Labbé et al. 1989a ). In Xenopus also, a 45 -4 7 K protein coimmunoprecipitates with p34crfc2 (Fig. 2) ; it may be identical to the protein which remains associated with p34ccic2 after extensive purification of M PF activity (Lohka et al. 1988) . These results suggest the idea that p34cdc2 is a component of a protein complex in intact cells. Studies with mammalian cells in culture led to similar conclusions (Draetta and Beach, 1988) .
Although the identity and function of most of the components of this protein complex are unknown, at least one of them probably exerts an inhibitory effect on p34 cdc2 kinase activity during the G 2 phase, since we find that microinjection of the P ST A IR peptide in starfish oocytes activates the M phase-specific kinase and releases them from G 2 arrest (Labbé et al. 1989a ). We interpret this result to indicate that some inhibitory component interacts with p34crfc2 through its P ST A IR region and is competed out by peptide microinjection. T h is inhibitory component is likely also to be associated with p34cdc2 during the G 2 phase of the mitotic cell cycle because the P ST A IR peptide helps M PF to push nuclei into the mitotic state in vitro (Gautier et al. 1988) .
Even if p34" fc2 is associated with other proteins as part of a complex in intact cells, it appears that the associated proteins can be removed from p34cdc2 without loss of its kinase and M P F activities (Labbé et al. 19886,1989a) , since no protein other than p34"/r2 was found to be consistently associated with M PF and protein kinase activities after extensive purification from starfish oocytes. T h is does not mean that p34cdc2 is never associated with other proteins in the living cell in order for the M phase transition to occur; it seems to indicate that there is no absolute requirement for an activator protein in association with p34cdc2 in the microinjection pipet for the kinase to exert its M phase-inducing activity in recipient cells. In fact, we believe that p34cdc2 is stripped of both inhibitor and activator proteins during its extensive purification. Once inhibitors have been removed, the kinase no longer requires" any activator (or anti-inhibitor) . .
p34cdc2is activated by dephosphorylation
Shortly after hormonal stimulation of starfish oocytes, at the same time as protein kinase activity increases, p34cdc2 undergoes dephosphorylation. It remains dephosphorylated during meiotic metaphase, and becomes rephosphorylated when cells re enter G i after completion of meiotic maturation, at which time protein kinase levels also decrease (Labbé et al. 1989a ). T h is suggests that while p34cdc2 is phosphorylated its protein kinase activity is inhibited preventing entry into M phase, but once p34cdc2 is dephosphorylated, its protein kinase activity increases and M phase is initiated. Similar correlations have been observed in Xenopus oocytes (Gautier and Mailer, personal communication; see also Fig. 2 ): p34cdc2 was found to be phosphorylated in immature oocytes and to undergo dephosphorylation at the time when p34cdc2 expresses its M phase-specific protein kinase activity following progesterone addition or M PF microinjection (Labbé et al. 1988a) . It was still dephosphorylated at metaphase II and underwent rephosphorylation when M PF and H I kinase activities dropped to undetectable levels once meiosis was completed. A 34K protein had been reported previously to be the single protein which becomes more phosphorylated following activation of Xenopus oocytes (Capony et al. 1986 ): this protein has now been identified as p34cdc2. We also found that p34cdc2 could be activated in vitro simply by removing A TP from extracts prepared from G 2-arrested starfish or amphibian oocytes (Labbé et al. 1988a,b) . Addition of non-hydrolyzable A TP analogs did not prevent kinase activation, indicating that a phosphorylation reaction is required in the extract for the transition to be blocked. Since p34cdc2 dephosphorylation readily occurred in the absence of ATP, p34cdc2 activation was most likely due to its dephosphorylation.
ATP-^S stabilizes an unidentified component with M phase-promoting activity
The above results are in broad agreement with genetic studies in fission yeast, which suggested that phosphorylation negatively controls p34cdc2 function at the G 2 to Mphase transition (Fantes, 1979 (Fantes, , 1983 Nurse and Thuriaux, 1980; Russell and Nurse, 1986, 1987) .
Nonetheless, they appear to conflict with previous results, now listed, which suggested that M PF was activated and not inhibited, by phosphorylation reactions.
( 1 ) M PF activity in crude extracts of Xenopus oocytes is stablilized by phosphatase inhibitors (Wasserman and M asui, 1976; Drury, 1978; Wu and Gerhart, 1980 ) which can also potentiate or even trigger meiotic metaphase (Hermann et al. 1984; Le Goascogne et al. 1987; Pondaven and Meijer, 1986) . (2) M PF is stabilized by incubation with ATP-y-S, an A TP analog that can substitute for A TP in most phosphorylation reactions, producing thiophosphorylated substrates that are resist ant to the action of protein phosphatases (Gratecos and Fischer, 1974; Hermann et a l. .1983; Gerhart et a l. 1985; Labbe et al. 1988c,d) . (3) Monoclonal antibodies specific for thiophosphorylated proteins recognize a component with M PF activity in Xenopus extracts treated with ATP-y-S (Cyert et al. 1988) .
These results support the view that some component besides p34cdc2 may possess M P F activity or contribute in some way to the activity of p34cdc2.
T o investigate this question, 30% ammonium sulfate precipitate was prepared from unfertilized Xenopus eggs (Wu and Gerhart, 1980) . T h e pellet was resuspended in buffer containing 3 mM-ATP-y-S, and incubated for 1 h at 4°C . T he 10-fold diluted reaction mixture was fractionated on a Mono Q column. Proteins were eluted using a 0 -lM -N aC l gradient in a buffer containing 5 mM-/>glycerophosphate, 1.5 mM-MgCl2, 1 mM-EGTA, 1 m M -DTT, p H 7 .3 . Two peaks of M PF activity were found. T he first, coincident with the H I histone kinase p34cdc2, eluting around 0.2m-N aCl. It contained most of the p34cdc2 protein as judged from immunoblotting with the P S T A IR antibody. T he second peak of M PF activity eluted around 0.4M-NaCl (Fig. 1) . No H I kinase activity was associated with it. T he active component in the second peak induced p34cdc2 dephosphorylation and the concomitant stimulation of its kinase activity when injected in Xenopus oocytes (Fig. 2) . It was also active in the absence of protein synthesis or when injected into starfish oocytes.
T he second peak of M PF activity was not observed when the thiophosphorylation step was omitted or when proteins were precipitated with 50 % ammonium sulfate instead of 30% before adding ATP-y-S. In contrast, the first peak of M PF (p34cdc2) was always observed.
These results show that the ATP-y-S stabilizes the maturation-promoting activity of a component which can be separated from p34'rf' 2. We previously showed that ATP-y-S stabilized M PF activity in starfish oocytes treated with protein synthesis inhibitors (L abbe et al. 1988i/) . What could be the relationship between p34cdc2 and the ATP-y-S-stabilized component? An attractive hypothesis would be that the second M P F is an activator of the unidentified phosphatase 'X ', which dephosphorylates p34cdc2, thereby triggering its activation. According to this view, phosphatase X is supposed to be active only when its activator is in its phosphorylated or thiophosphorylated form. T h is would agree with our result that ATP-y-S microinjection into unfertilized Xenopus eggs stabilizes p34cdc2 activity in homogenates prepared from them (Labbe et al. 1988c) .
We also reported that microinjection of a-naphthylphosphate (N P), a potent phosphatase inhibitor, considerably increased (from 15 to 546m olm in~1 m g-1 protein) p34cdc2 activity is starfish oocytes (Labbe et al. 1988rf ). Since p34cdc2 activation was correlated with its dephosphorylation in this experiment (data not shown), as observed following hormonal stimulation or M PF microinjection, it seems likely that N P microinjection indirectly activated phosphatase X . Co-injection of phosphatase IIA with NP suppressed p34cdc2 activation (Pondaven and Meijer, 1986) . T h u s, phosphatase IIA most likely controls phosphatase X negatively. The overall mechanism would then be as follows: NP blocks phosphatase IIA , thereby allowing phosphatase X activator to reach its phosphorylated active state. T his would result in phosphatase X activation and p34cdc2 dephosphorylation (Fig. 3) .
Although p3Acdc2 is active only in its dephosphorylated form addition of phosphatase inhibitors such as /3-glycerophosphate increases its activity in crude extracts. T his may mean that p34cdc2 phosphorylation occurs to some extent even in homogenates of M-phase cells, provided ATP is present. After a single purification step on DEAE cellulose, however, /3-glycerophosphate inhibited rather than prom oted p3Acdc2 kinase activity. We think this reflects the removal of a phosphatase that somehow inhibits p34cdc activity. Since phosphatase IIA is known to bind . L an e a shows a control perform ed by adding the P S T A IR peptide (1 .ugml" 1) to the sam ple before im m uno précipitation with the P S T A IR serum . M iddle lanes (M , A ): unfertilized eggs were m icroinjected with 30 nl o f a 5m M -EG TA solution at pH 7.0 containing 30 ¿¿Ci 32P-orthophosphate. Tw enty min later, 5 injected eggs still arrested at metaphase II (M ) with a high p34c'fc2 kinase activity were homogenized and immunoprecipitated with the P S T A IR serum. E ggs from the same batch were activated with ionophore A23187 (1 0 /igm l-1 ) and microinjected 15 min later with 30,uCi 32P, as above. Twenty minutes later five injected eggs containing low p34c'/c2 kinase activity (A) were homogenized and immunoprecipitated with the P S T A IR serum. Right lanes (M P F 2): immature occytes were labelled from 15 h with 1 mCi m l-1 32P and injected ( + ) or not ( -) with 50 nl o f the pooled fractions 45-55 (see Fig. 1 ). Tw o hours later, after the recipient oocytes had undergone germ inal vesicle breakdow n, 10 injected and 10 non-injected oocytes were hom ogenized and p34cdc2 immunoprecipitated with the P S T A IR serum.
strongly to DEAE cellulose (Pondaven and Cohen, 1987 ), this enzyme is a possible candidate.
A nuclear com ponent is required for successful transfer of MPF into starfish oocytes
Although removal of the germinal vesicle (the large tetraploid nucleus found in 
Phosphatase (HA?)
Proteolysis *------Cyclin *-Protein synthesis F ig. 3. Schematic model for M P F activation. p34cdc2 is maintained in a phosphorylated inactive form during the Gz phase. At the G 2 -M phase transition, p34c dephosphoryl ation occurs, and this activates the mitotic kinase (M P F ). An unidentified phosphatase (phosphatase 'X ') catalyzes p34cdc2 dephosphorylation. T h is phosphatase is active only when phosphorylated or associated with a phosphorylated activator (phosphatase X -P ) . Cyclin positively controls phosphatase X activation: it may be identical to the phosphorylated activator. p34 2 positively controls phosphatase X activation, perhaps by phosphorylating its activator. tt-Naphthyl phosphate activates p34cdc2 because it blocks phosphatase IIA and maintains phosphatase X in its phosphorylated active form. im m ature oocytes) does not prevent activation of the M phase-specific p34Cifc2 protein kinase following hormonal stimulation of starfish oocytes (Labbé et al. 1988c/; Picard et al. 1988a,b) , cytoplasm taken from enucleated and hormonestirnulated oocytes fails to induce p34cdc2 activation and meiotic maturation in recipient oocytes (Fig. 4) . These findings suggest two things. (1) Cytoplasm contains a component that inhibits p34ccfc2 activation, that is, it tends to prevent the so-called 'amplification' of M PF in recipient oocytes. This inhibitory component is removed during the course of p34cdc2 purification. (2) T he germinal vesicle contains a component which tends to antagonize the inhibitory factor. We previously found that the germinal vesicle contained MPF-like activity that was only active on a certain category of so called 'com petent' oocytes (Picard and Dorée, 1984).
Interestingly, cytoplasmic histone H I kinase activity reaches the peak of its activity within 10 min of addition of 1-methyladenine to starfish oocytes, yet M PF activity is only detectable in the cytoplasm a few minutes later (Labbé et al. 1988ci; Picard and Dorée, 1984) . In contrast, M PF activity in the germinal vesicle appears at There is no significant difference between the microinjected sam ple being the purified kinase or cytoplasm (150 ¡A) taken from hormone-stimulated nucleated oocytes. In contrast, neither G V B D nor p34 activation occurs in recipient oocytes when cytoplasm is taken from enucleated donors, even when the volume of microinjected cytoplasm is increased to 300 pi. * , p34" ,i2 activity.
the same time as histone kinase activity. We interpret these findings in term s of a requirem ent for material from the germinal vesicle to travel to the cytoplasm. There it counteracts the hypothetical inhibitory component and promotes the transition of the cytoplasm into M phase.
We have no idea of what the inhibitory cytoplasmic com ponent or the stimulatory nuclear component might be. We only know that the germinal vesicle component is not associated with the nuclear envelope or with the nucleolus. It is insensitive to RNAses A and T (Picard, unpublished observations). It may be related to the cascade of events which controls p34iY/c2 dephosphorylation because NP does not induce p34crfc2 activation in enucleated oocytes (Labbé et al. 1988J) .
Protein synthesis and proteolysis are required for cycling of p34cdc2 activity
Both the M phase and the protein kinase activities of p34cdc2 fluctuate in phase during the meiotic and the early mitotic cell cycles of starfish and amphibian oocytes (Picard et al. 1985 (Picard et al. , 1987 Labbé et al. 1988a ). T he drop in H I kinase and M PF activities at anaphase-telophase of each cell cycle is blocked by microinjection of protease inhibitors, suggesting that some component required for p34cdc2 activity is proteolyzed at the end of each cell cycle (Picard et al. 1985) . Immunoblots do not reveal any major change in the amount of p34cdc2 during the cell cycle (Labbé et al. 19886) , suggesting that it is not p34cdc2 itself but rather a modulator of its activity that undergoes proteolysis. In starfish, the only newly synthesized protein whose proteolysis is detected at anaphase is cyclin (Standart et al. 1987 ) and antipain microinjection prevents this proteolysis (Picard and Pines, unpublished results). Therefore cyclin is a good candidate for the modulator of p34cdc2 activity. p34cdc2 cannot be activated by A TP removal in vitro in extracts prepared from oocytes artificially arrested at interphase by suppressing protein synthesis (Labbé et al. 1988a,6 ). Since such oocytes do not contain cyclin (Picard and Pines, unpublished results), this suggests that cyclin may be necessary for p34cdc2 activation and involved in p34cdc2 dephosphorylation. However, cyclin accumulation is not sufficient to trigger p34cdcZ activation, since parthenogenetically activated starfish oocytes arrest in interphase after completion of meiotic maturation despite the accumulation of high levels of cyclin (Standart et al. 1987 ). These oocytes do not contain measurable M PF or histone H I kinase activity. A further component is needed to trigger entry into mitosis, which can be provided by microinjection of human centrosomes (Picard et al. 1987) . T he recent finding that p34cdc2 is associated with these centrosomes in a cell cycle-regulated fashion may be connected with their mitosis-promoting activity (Bailly e t a l . 1989).
MPF from starfish oocytes at first meiotic metaphase is an heterodimer containing one molecule of p34cdc2and one molecule of cyclin B
Recently, the starfish M phase-specific histone kinase was purified to near homogen eity within about 8h and with a recovery of more than 50% from oocytes at first meiotic metaphase, using affinity chromatography on p 13s"f / -Sepharose as the major step. T he kinase consisted of a stoichiometric complex between one molecule of Cdc2 and one molecule of a polypeptide with the same apparent molecular weight as starfish cyclin (47K , as determined by S D S -P A G E ). A cD N A clone encoding starfish cyclin was isolated and its sequence determined. It contains a single open reading frame of 388 am,ino acids (predicted M r 43 729) which shows strong homology with sea urchin cyclin and with clam B cyclin. It contains the amino acid sequences F L R R -S K and A K Y L -E which are not present in the A-type cyclins, but so far have been found in all B-type cyclins (Minshull et al. 1989) . Partial microsequencing of the 47K component of M PF demonstrated its identity to starfish cyclin (L abbé et al. 19896) .
We assume that during the original purification procedure, which comprised six steps of conventional chromatography extended over two days, either the stoichio metric complex became disrupted or the cyclin component underwent proteolysis. T h u s only the catalytic subunit of M P F was recovered.
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